Introduction
The infrared spectrum provides a wide range of information regarding conditions on Earth. Basic properties such as heat flow or total radiation can be monitored from space. Biological activity, cloud cover, rainfall, deforestation, crop health, ocean temperature, and various gas concentrations can be detected and trends in these conditions can be followed over decades.
Infrared sensors have been intensively developed since World War II, with most of the development concentrated on military applications. Civilian spacecraft have been able take advantage of the technology and have been able to launch ever more sophisticated sensor systems with improved temporal, spatial, and spectral coverage.
Examples of missions to planet Earth
Two US civilian agencies have spacecraft that monitor Earth. NASA has responsibility for the development and operation of earth observing systems to enable improved prediction of climate, weather and natural hazards, including:
• climate variability and change, • atmospheric composition, • carbon cycle and ecosystems, • water cycle, • weather, • natural hazards.
NOAA operates satellites that monitor weather, providing forecasts and storm tracking. Examples of these activities are now presented.
Examples of NASA missions to planet Earth
NASA has a wide range of satellites to monitor conditions on the earth and the earth's atmosphere. Some of these satellites have been produced in a continuing series for decades, such as Landsat. Others represent single experiments or trials of new technology. For example, the EO-1 satellite is a test bed for advanced technology to support future Landsat upgrades. It flies in an orbit about 15 directly behind Landsat 7 and collects images with the new sensor (advanced Landsat imager or ALI) to compare with those from the Landsat sensor (thematic mapper). Figure 1 shows a figurative pictorial of satellites in the NASA constellation of sensors for the earth science mission. This mission is run out of the NASA Goddard's Earth-Observing System Program Office. Each satellite typically has several instruments designed for specific measurements of phenomena. Each instrument may include detector arrays of from just a few elements up to thousands of elements. Future sensors will include millions of detector elements in these arrays. Some of the missions are briefly summarized here:
• includes sea-viewing wide field-of view sensor Detailed descriptions of these missions and the instruments are available on the internet [1] and in scientific papers referenced on those web pages.
Examples of NOAA weather satellite missions
Weather satellites (Fig. 2) can be divided into two categories:
• geostationary (GEOS) at 36,000 km from Earth, • low earth orbit (LEO).
Geostationary satellites such as the GOES series orbit in the equatorial plane at the same rate that the Earth spins, maintaining a constant position over one location on earth. These satellites provide constant coverage of their view of weather conditions with updates every minute.
The spinning rotation of GOES satellites (Fig. 3) provides the scan mechanism for sweeping the detector arrays across the scene. Imagery of the weather is collected in five bands as listed in Table 1 .
The sounder instrument, measures the temperature and moisture of the atmosphere as a function of altitude. The sounder uses HgCdTe detector arrays with four elements, as illustrated in Fig. 4 . 13.00-13.70 8 on GOES N, 4 on GOES O and P LEO satellites are typically in an orbit that is sunsynchronous (705 km from earth) where the satellites gets two views per day of the entire earth. Each view has the same solar illumination so that day-to-day changes can be compared.
The next generation of weather satellites is under construction -the National Polar-orbiting Operational Environmental Satellite System (NPOESS), illustrated in Fig. 5 . Instruments on NPOESS are listed below, along with their function:
• visible/infrared imager/radiometer suite (VIIRS) collects visible and infrared radiometric data of the Earth's atmosphere, ocean, and land surfaces. Data types include atmospheric, clouds, Earth radiation budget, land/water and sea surface temperature, ocean colour, and low light imagery,
• crosstrack infrared sounder (CrIS) measures Earth's radiation to determine the vertical distribution of temperature, moisture, and pressure in the atmosphere,
• ozone mapping and profiler suite (OMPS) collects data to permit the calculation of the vertical and horizontal distribution of ozone in the Earth's atmosphere,
• space environment sensor suite (SESS) collects data related to the neutral and charged particles, electron and magnetic fields, and optical signatures of aurora,
• aerosol polarimeter sensor (APS). The purpose of the APS is to retrieve specified aerosol and cloud parameters using multispectral photopolarimetry. It is anticipated that the APS will need to simultaneously measure scene radiance in orthogonal polarizations over a range of viewing angles in order to make these retrievals,
• advanced technology microwave sounder (TMS) (currently under development by NASA). In conjunction with CrIS, global observations of temperature and moisture profiles at high temporal resolution (~daily). Most of the missions to Planet Earth include infrared detector arrays. We will next look at this detector technology briefly.
Detector technology
NASA and NOAA satellites have used three principal detectors for visible-and infrared-based instruments. These are:
• Si (silicon), • InSb (indium antimonide), • HgCdTe (mercury cadmium telluride). Figure 6 shows the quantum efficiency of these detector materials used to build visible and infrared focal plane arrays. Detector arrays in the visible and infrared bands are typically integrated with silicon readout circuits with multiplexed outputs.
Each of these detector types is now described.
Silicon
Silicon is an elemental material. Three types of silicon detector arrays are in use for the wide variety visible and near-infrared (NIR) applications. These are:
• charge coupled devices or CCDs, • monolithic p-n diodes or CMOS, • hybrid p-i-n structures.
Each of these types is now briefly discussed.
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Monolithic arrays
When the detector and readout circuit can be built on a single wafer we call the structure monolithic. There are a few obvious advantages to this structure, principally in the simplicity and lower cost associated with a directly integrated structure. Common examples of these focal planes in the visible and near infrared band (NIR 0.7-1.0 µm) are found in camcorders and digital cameras. Two technologies provide the bulk of devices in these markets, charge coupled devices (CCDs) and CMOS imagers. CCD technology currently has achieved the highest pixel counts or largest formats with numbers approaching 10 8 . CMOS imagers are also rapidly moving to large array formats. CMOS is expected to compete with CCDs for the large format applications within a few years.
CCD devices require specialized processing, unlike CMOS imagers which can be built on fabrication lines shared by commercial microprocessors. The cost of a stateof-the-art process facility is approaching $1B as the technology progresses to smaller feature sizes, currently about 1/5 to 1/8 of a micrometer. Since the CCD imager market is much smaller than that for CMOS devices in general, it may be difficult for CCDs to remain competitive in the long term. This observation is not in itself a judgment of the relative technical merits of the two technologies. For space applications have long duration, the susceptibility of CCDs to radiation damage in comparison to CMOS or hybrid detectors makes them less attractive for future missions.
The structure of a visible CCD array in cross section and plan view is illustrated in CCD with three gates per pixel is shown other designs sometimes use more gates. In the signal collection mode, the central gate is biased to collect electrons which are photogenerated in the lightly-doped substrate. After collection, a series of transfers takes place to move the collected group of charge to the sensing circuit at the chip periphery. This is done step-by-step as the gate biases are clocked to move the charge with minimal loss. The figure of merit for the effectiveness of this process is called the charge transfer efficiency, or CTE. Channel stops between columns help to prevent charges from straying laterally. Examples of monolithic arrays are illustrated next in both area and linear formats. CMOS monolithic arrays combine p-n junction detectors with integrated readout circuits to provide an output from each pixel. The junction structure of the detector is similar to those in hybrid arrays described in more detail below.
Hybrid p-i-n structures
Ultraviolet and infrared imagers are most commonly built with a hybrid structure combining a detector structure mated to a readout. Visible hybrids have also been built for special applications. Figure 8 illustrates the hybrid structure. Hybrid readouts are usually built with silicon, although a few demonstrations of readouts using other materials have been experimentally studied.
Silicon p-i-n diodes can be formed vertically in a lightly-doped silicon wafer having a common back electrode (either p-or n-type) and an array of the opposite doping type on the front side. Such a diode array is illustrated in Fig. 9 . Metal contacts are made to each of the front side, doped regions, illustrated here as the p + regions. Soft indium bumps deposited on the contacts allow each junction to be attached to the unit cell of silicon readout, Fig. 10 .
Since the total thickness of the i-region can be fully depleted, all the absorbed charge in the bulk can be efficiently collected, giving these devices relatively good response out to~1 µm.
InSb
InSb has a response out to 5.4 µm at 77 K. These detectors are usually built as hybrid detectors (see Fig. 8 ). Bulk wafers are processed into arrays of diodes and In-bump bonded to readouts. The backside of the InSb wafer is then thinned to about 10 µm. Figure 11 shows an InSb array of 2052×2052 pixels.
InSb diodes can be made planar by ion implantation as illustrated in Fig. 9 , or by mesa etching a planar p-n junction sheet into mesas as illustrated in Fig. 12 .
With proper surface passivation, the response of InSb can be extended all the way to the ultraviolet region, as depicted in Fig. 6 . The operating temperature of InSb detectors can only be elevated slightly above 77 K since the bandgap decreases with increasing temperature and therefore the dark current increases rapidly as the temperature goes up.
Opto-Electron. Rev., 16, no. 2, 2008 P. Norton 109 Fig. 8 . Hybrid detector array structure consists of a detector array connected to a readout array with indium metal bumps. Detector elements are usually photodiodes or photoconductors, although photocapacitors are sometimes used. Each pixel in the readout consists at least of one addressable switch, and more often a preamplifier or buffer together with a charge storage capacitor for integrating the photosignal. Fig. 9 . Silicon p-i-n diode array can be formed vertically using a lightly-doped substrate. Indium bumps on the isolated doped island side can be bonded to a readout array formed separately. Fig. 10 . Indium bumps on a 2052×2052 format array are used to connect the detector and readout.
HgCdTe
This compound alloy mixture can be adjusted to cover the spectral range from 0.7 to > 20 µm. Examples of spectral curves are shown in Fig. 6 . For important earth monitoring bands, HgCdTe detectors with response out to~15 µm can be operated at 95 K, allowing radiatively cooled focal plane operation. This was especially important until recently because mechanical coolers were only reliable for a few thousand hours. Today coolers may last more than ten thousand hours and detectors for space missions that monitor the planet can be operated down to 60 K. HgCdTe detectors for space missions have been built using the hybrid structure described in Sect. 3.1. Both mesa and ion-implanted diodes have been used. The longest spectral bands have traditionally been photoconductive detectors while the shorter bands (< 11 µm) have used photovoltaic devices. As the technology progresses, longer bands will increasingly be built with photovoltaic devices.
Evolution of infrared space sensor technology and examples of imagery
The technology used in space sensors for monitoring the earth's climate, land usage, and weather has evolved as detector technology advanced over the decades. Here we illustrate early sensors with only a few elements, improved infrared focal planes with multiplexed arrays, and today's more advanced capabilities. An example of some of the imagery taken with these systems is shown to illustrate the wealth of information that can be gathered.
Early satellite technology fast scanning systems
Early sensors used only single element detectors or very small arrays together with fast-scanning optical systems to cover the field of regard. Consequently, the spatial resolution was limited. Figure 13 illustrates a space sensor array from the early 1970s that was used in the Skylab multispectral scanner (S-192). Photoconductive elements were used for all bands and the total number detector elements were only 14.
The focal plane of the Skylab sensor is shown in Fig. 14. Wirebonds connected each element to leads that went outside the dewar to individual preamplifiers. This design approach ultimately limited focal planes to only a small number of detectors. As a consequence, the optical system had to be fast scanning, with little dwell time for each ground sample. The ground spatial coverage was limited by this approach. 
Improved technology enhanced thematic mapper on Landsat
Hybrid array technology made it possible to use larger numbers of detectors in space focal plane arrays. The input circuits in CMOS readouts do not work well with the low impedance of HgCdTe photoconductors. Consequently, higher impedance photodiode technology was needed in InSb and HgCdTe for bands needing large detector numbers. Silicon detectors could be made as hybrids, but were frequently built with the photodiodes and readout circuits on the same monolithic wafer. The enhanced thematic mapper (ETM) instrument was developed in the 1980s to improve the performance of the Landsat 7 satellite. The sensor provided coverage by side-to-side or cross-track scanning using eight bands covering the visible to long-wavelength IR:
• panchromatic, • 3 visible, • 1 near infrared (NIR), • 2 short-wavelength infrared (SWIR), • 1 long-wavelength infrared (LWIR). Figure 15 shows the ETM cold focal plane. This imaging instrument is able to cover a 180 km wide swath with each pass, resulting in a revisit every 16 days. Silicon, InSb, and HgCdTe photovoltaic detectors were used for all but the longest bands. All arrays were 100% operable. Figure 16 shows the prime silicon focal plane array covering the visible and NIR spectral regions. Figure 17 shows the photoconductive HgCdTe detectors that were used for the longest wavelength bands.
An example of the imagery, mosaic of the earth taken by the enhanced thematic mapper instrument is shown in Fig. 18. 
Todays technology examples
Although cross-track scanning is still sometimes still used, more-and-more systems are being converted to pushbroom or in-track scanning. This technology requires long arrays. Such arrays typically have at least N×2 rows for each spectral band, with the second row for redundancy to ensure 100% coverage. The signal-to-noise ratio (SNR) is also frequently boosted by the use of time-delay and integration (TDI). In this configuration, for example, an array of N×6 rows may be built, with the best N×4 diodes selected for each track, to double the SNR.
The atmospheric infrared sounder (AIRS) uses a pushbroom scanning configuration. The AIRS focal plane is illustrated in Fig. 19 AIRS is able to provide wide area coverage of atmospheric water vapour content. Figure 20 , a still image from a NASA video, shows the monsoon condition over India.
Another recent focal plane containing eight bands in the visible and NIR (402-855 nm) is SeaWiFs. This instrument has been used to map biosphere activity and ocean colour. Figure 21 is a still image from a time series showing the peak of biosphere activity in the northern hemisphere. To appreciate the detail available from this sensor, Fig. 22 , and its inset, shows a phytoplankton bloom in the Baltic Sea. . From a time series that shows the variation of the total amount of water vapour in a layer of the atmosphere from 500 millibars (about 4 km or 2.5 miles above sea level) to the top of the atmosphere. Although this layer includes only a small fraction of Earth's water vapour, it is very important in the radiative balance of the atmosphere. Water vapour is a potent greenhouse gas, and the small amount of upper tropospheric water vapour acts as a blanket to trap the earth's infrared radiation. The large variations in the upper tropospheric water vapour seen in this movie are due to a number of processes, including lofting from below by thunderstorms and horizontal movement with large-scale winds. Credit: Stephanie Granger, AIRS Technical Staff.
Sometimes the combination of a fast and sensitive array together with a modern optical system can give very detailed measurements of critical earth condition. This is the case with the tropospheric emission spectrometer (TES). Using only a 16-element array and a Fourier transform spectrometer, spectral coverage over the range from 3.2 to 15.4 µm has been achieved with enough resolution to map the concentration of carbon monoxide (CO) and ozone (O 3 ) gases as a function of altitude in the lower atmosphere. The TES array is shown in Fig. 23 . An example of the concentration profiles as a function of altitude is shown in a slice of the atmosphere of North America in Fig. 24 .
Landsat has been a backbone of the Earth observation suite of satellites for several decades. Landsat uses a cross-track scanner that requires a large moving scan mirror. In the 1990s, a program called New Millennium was undertaken to explore new technology for the next generation of sensors. The land-observing part of that effort, the Earth Observer-1 (EO-1) satellite, developed instruments that could, among other things, replace Landsat while imOpto-Electron. Rev., 16, no. where GSD is the ground sampling distance. Six of the nine multispectral (MS) bands are directly comparable to ETM+ on Landsat 7. Figure 26 shows a close-up of the four modules seen on the left of Fig. 25 . A total of over 15000 detectors are included in the four modules. Nine of the 15000 did not meet specifications. A close up of the modules with the filter cover removed is shown in Fig. 27 , with a blow-up of one module that has the silicon and HgCdTe detector regions labelled. Figure 28 illustrates the module details in cross-section.
EO-1 with the ALI was launched to fly directly behind the Landsat ETM+ imager so that their respective images could be compared. A summary of the comparison states: "ALI is smaller in both size and weight than the enhanced thematic mapper (ETM+) of Landsat 7 by a factor of four and requires less power to operate by a factor of five. It has increased sensitivity by a factor varying from four to ten depending upon the band. The spatial resolution of the MS bands is the same as that of ETM+ (30 m) but it is better in the Pan band (10 m versus 15 m)" [2] .
The ALI focal plane was integrated with an analogue-to-digital converter system so that when mated to the satellite system the entire interface was digital except for power and ground connections. An example of an ALI false colour image is shown in Fig. 29 
.uture trends in Earth observing sensors
Earth observing sensors have progressed from a few discrete elements and small arrays with a few dozen total detectors to large linear arrays with over 10000 detectors in some cases. The driving force behind using larger detector numbers is two-fold improved sensitivity and reduced time to revisit an image.
What might be the upper limits of useful array size? The earth, as seen from geosynchronous orbit, has approximately 1.3×10 8 m 2 of land and sea area. Thus, it would take that many detectors to provide continuous coverage of each square meter or N× that number to provide N bands of conOpto-Electron. Rev., 16, no. tinuous coverage. This may provide a realistic upper bound on the ultimate size of space focal planes for earth observing purposes. The only way to achieve numbers approaching these limits is with staring detector array technology. Astronomy applications for large telescopes are the driving force behind much of the push to develop large staring array technology. This is because telescope time on these instruments is very limited and large arrays can gather more information in a given observation. Today the largest infrared detector staring arrays are approximately 2K×2K, or 4×10 6 pixels. At present, these arrays are being combined in small groups to provide large step-staring focal planes for astronomy. Figure 34 shows an assembly of 16 arrays of 2K×2K for a total of > 6.7×10 7 pixels, about half of the upper bound estimated in the previous paragraph.
The arrays developed for astronomy are not directly applicable to Earth observing missions because the former are customized for very long frame times corresponding to the long exposure times needed to gather enough light when imaging space. Nevertheless, it appears that there is no fundamental impediment to fielding very large staring or step-staring arrays for Earth observation missions.
Future mission spectral coverage may be provided more from Fourier transform spectrometers combined with staring focal planes. This is because it is more difficult to put multiple bands into a staring format.
Two-colour array technology [6] can provide some advantages, but most Earth observing missions require many more than two bands. However, two colour arrays can make spectrometers more convenient by separating spectral regions into two parts.
Finally, with the development of more reliable coolers that have life-expectancies in excess of 10,000 hours, more Earth observing satellites will use active cooling rather than passive radiators. With this development, focal planes will be able to operate at lower temperatures (~60 K) where LWIR detectors have significantly lower dark current. This will also lead to the conversion from photoconductive to photovoltaic detector technology for these longer wavelength bands, allowing for much larger arrays in this important spectral range.
